In the last years, mesenchymal stem cells (MSCs) have been identified as an attractive cell population in regenerative medicine. In view of future therapeutic applications, the study of specific differentiation-related gene expression is a pivotal prerequisite to define the most appropriate MSC source for clinical translation. In this context, it is crucial to use stable housekeeping genes (HGs) for normalization of qRT-PCR to obtain validated and comparable results. By our knowledge, an exhaustive validation study of HGs comparing MSCs from different sources under various differentiation conditions is still missing. In this pivotal study, we compared the expression levels of 12 genes (ACTB, Β2M, EF1alpha, GAP-DH, GUSB, PPIA, RPL13A, RPLP0, TBP, UBC, YWHAZ and 18S rRNA) to assess their suitability as HGs in MSCs during adipogenic, osteogenic and chondrogenic differentiation. We demonstrated that many of the most popular HGs including 18S rRNA, B2M and ACTB were inadequate for normalization, whereas TBP/YWHAZ/GUSB were frequently identified among the best performers. Moreover, we showed the dramatic effects of suboptimal HGs choice on the quantification of cell differentiation markers, thus interfering with a reliable comparison of the lineage potential properties among various MSCs. Thus, in the emerging field of regenerative medicine, the identification of the most appropriate MSC source and cell line is so crucial for the treatment of patients that being inaccurate in the first step of the stem cell characterization can bring important consequences for the patients and for the promising potential of stem cell therapy.
Introduction
In the recent years, human adult mesenchymal stem cells (MSCs) and tissue engineering technology have gained a crucial role for the treatment of human diseases. The most intriguing goal of regenerative medicine is to rapidly translate cutting-edge stem cell laboratory research into the clinical and commercial arenas to replace or repair diseased tissues and organs [1] [2] [3] . The choice of the optimal source of MSCs for specific regenerative medicine purposes mainly relies on their in vitro differentiation potency, which is often evaluated by qualitative approaches such as specific staining. More recently, molecular biology quantitative assays have been introduced although it clearly emerged that if the potency evaluation is biased by inaccurate data, suboptimal or poor results can be expected also for clinical purposes.
To obtain reliable and comparable results, the validation process and the comparison of molecular biology data remain controversial and open topics. For monitoring gene expression, quantitative real-time PCR (qRT-PCR) is often the method of choice, due to its sensitivity, large dynamic range, potential for high throughput, as well as accurate quantification, and high degree of potential automation. In the imperative need to obtain expression results that are not only accurate but also comparable among different experimental setups, conditions, operators and laboratories, normalization of qRT-PCR data should be performed against housekeeping genes (HGs), which must display unchanged expression in the cells irrespectively of the experimental conditions. It has to be noticed that very often the importance of selecting appropriate reference genes is not adequately emphasized [4] and the use of a single housekeeping gene without prior validation makes gene expression assays via qRT-PCR unreliable [5] [6] [7] [8] . Thus, to overcome the bias introduced by suboptimal choice of reference genes, the new and optimal standard for gene expression analysis recommends the use of a single HG that has been validated for the process under study or, in the absence of this condition, that at least two HGs are used [9, 10] .
Housekeeping genes considered suitable for qRT-PCR normalization are the ones present in all nucleated cell types, necessary for basic cell survival and considered stable in various tissues. These 'traditional' HGs include GAPDH (glyceraldehyde-3-phosphate dehydrogenase), ALB (albumin), ACTs (actins), TUBs (tubulins), PPIs (cyclophilins) and micro-globulins-encoding genes. Notably, several studies have already shown that for some cells the processes in which the above-mentioned genes are involved are not stable and their expression is therefore variable. For example, the cytoskeleton is modulated during culturing and the same happens for metabolic HGs, which are not only implicated in basal cell metabolism but also participate in other cell functions [11, 12] . To overcome such difficulties, the use of 18S or 28S ribosomal RNA (rRNAs) has become popular for validation and normalization, as the total amount of ribosomal RNA is generally assumed to be relatively stable. As rRNAs constitute about 80% of total RNA in the cells (and 18S+28S around 95% when RNAs are purified by anion exchange technology-based commercially available kits), equalizing the total RNAs input among different samples implies the assumption that the rRNA levels in the cells are unchanged. Unfortunately, recent studies have shown that the levels of ribosomal RNA do vary under experimental conditions [13, 14] thus making rRNAs unsuitable for normalization also because their very high levels make difficult to establish a reliable baseline value in most real-time PCR protocols.
In the recent years, very few studies in embryonic and human adult mesenchymal stem cells from different sources showed that the most popular reference genes appear to be unsuitable for normalization and validation as they may display varying expression levels [15] [16] [17] [18] [19] [20] . The limited amount of data generated in these preliminary works is, to date, not yet sufficient to depict a clear and straight list of reliable HGs that could be used when studying MSCs under different growth conditions and differentiation processes. For these reasons, due to the availability in our laboratory of human MSCs isolated from adipose (AD)-, bone marrow (BM)-and cord blood (CB)-tissues, we compared the stability of a set of 12 traditionally used HGs after adipogenic, osteogenic and chondrogenic differentiation. Furthermore, we quantified the differential expression of adipogenic, osteogenic and chondrogenic markers to assess the effects of HG variability on their transcriptional patterns.
Materials and methods

Isolation and growth of MSCs
In this work, MSCs from bone marrow aspirate, lipoaspirate and human cord blood were obtained from healthy donors after informed consent.
Bone marrow mesenchymal stem cells (BMMSC)
Total bone marrow aspirate was directly seeded in alpha modified eagle medium (alpha MEM; Gibco-Life Technologies, Carlsbad, CA, USA) supplemented with 20% foetal bovine serum gamma irradiated (FBS; Gibco-Life Technologies) at the concentration of 50,000 WBC/cm 2 in culture chamber. After 72 hrs, the supernatant was discarded and replaced by fresh complete medium. On day 14, colonies of MSCs were detached and re-seeded in the same culture conditions.
Adipose mesenchymal stem cells (ADMSC)
After centrifugation of lipoaspirate, the lower density solid phase was collected and treated with 0.075% collagenase (Roche Applied Science, Mannheim, Germany) in phosphate-buffered saline (PBS; Gibco-Life Technologies) for 30 min. at 37°C with gentle agitation. After collagenase inactivation, the stromal vascular fraction was re-suspended overnight in Dulbecco's Modified Eagle Medium-High Glucose (DMEM-HG, Gibco-Life Technologies) supplemented with 20% FBS (Gibco-Life Technologies) and adherent cells were cultured.
Cord blood mesenchymal stem cells (CBMSC)
Buffy coat obtained by centrifugation of cord blood was harvested and incubated for 20 min. with RosetteSep enrichment cocktail by lineagenegative depletion (StemCell Technologies, Vancouver, Canada). After density gradient, mononuclear cells were collected and plated in alpha MEM plus 20% FBS and 2 mM L-glutamine (all from Gibco-Life Technologies). All subsequent studies on cell growth and differentiation were carried out in duplicate.
Adipogenic, osteogenic and chondrogenic differentiation ADMSC, BMMSC and CBMSC (passage 5) were seeded in six-well plates at a concentration of 2 9 10 4 cells/cm 2 in 2 ml of media and cultured in control medium [alpha MEM supplemented with 20% FBS (both from Gibco-Life Technologies) until 70-80% confluence. To induce osteogenesis and chondrogenesis, the medium was switched to specific induction medium (Lonza GmbH, Cologne, Germany), supplemented with 10 ng/ml transforming growth factor b1 (TGFb1) for chondrogenesis. Induction medium was changed every 3/4 days. After 3 weeks, cells were harvested separately from duplicate wells and another well was used for histochemical staining. To induce adipogenesis, the culture medium was switched to Lonza adipogenic induction medium for 4 days and then to Lonza adipogenic maintenance medium for 3 days, and this procedure was repeated three times (3 weeks) based on manufacturer's instructions. On the fourth week, the cells were cultured in only adipogenic maintenance medium with one intermediate change. Cells were then harvested from duplicate wells and another well was used for histochemical staining. 
Histochemical stainings
RNA isolation and cDNA synthesis
Total RNA was isolated using the RNeasy Mini kit (Qiagen, Hilden, Germany). On-column DNase digestion of the samples was performed following manufacturer's instructions. From each sample, two biological replicates were processed. The purity of the RNA was determined by measuring the absorbance A 260 /A 280 in a Nanodrop spectrophotometer. RNA integrities were assessed using electrophoretic techniques. First strand cDNAs were synthesized from 500 ng of total RNA in 20 ll final volume, using the iScript cDNA synthesis kit (Bio-Rad Laboratories, Hercules, CA, USA) according to the manufacturer's instructions.
Quantitative RT-PCR assays
The primers for the reference genes used in this study were designed in-house using the NCBI Primer Designing Tool (http://www.ncbi.nlm.-nih.gov/tools/primer-blast/), selecting only the primers spanning an exon-exon junction and producing a PCR amplificate with length between 70 and 150 base pairs ( Table 1 ). The same tool and settings were used to generate the primers for the analysis of the stem cells differentiation, ADIPSIN, OPN and COL10A1. Primer sequences will be provided on request.
Real-time quantitative PCR assays were carried out in a BioRad CFX96 Real-Time PCR Detection System instrument (Bio-Rad Laboratories) using standard PCR conditions. Triplicates of all reactions were analysed and within each triplicate values exceeding S.D. >10% were discarded. Each assay also included a blank. To confirm product specificity, a melting curve analysis was performed after each amplification. Quantifications were performed using the 'SsoFast EvaGreen Supermix' (Bio-Rad Laboratories).
For quantification of differentiation, the abundance of the transcripts in induced cells was determined relative to the standard reference genes selected for each differentiation process and with respect to the control cells in alpha MEM by using the Comparative Ct Method. For statistical analysis and expression data generation, the Bio-Rad CFX Manager software was used. 
geNorm Analysis
To evaluate the stability of candidate reference genes expressed as Ct values, we used geNorm v. 3.5. geNorm requires the transformation of Ct values by the 2 ÀDDCt method, using the lowest Ct as a calibrator. geNorm computes all possible average pairwise variations between the candidate gene transformed Ct values and provides a measure of the expression stability (M) of each gene. An M-value below 1.5 identifies stable reference genes. geNorm then performs stepwise exclusion of the gene with the highest M-value (least stably expressed gene) and recalculates M-values for the remaining genes. This iterative process enables to rank candidate genes based on their stability of expression. As a single reference gene may not allow adequate normalization, geNorm computes the optimal number of reference genes required for accurate normalization by calculating V n/n+1 pairwise variations between consecutively ranked normalization factors NF n and NF n+1 , where n and n+1 are the number of genes considered, and NF i are the geometric means of the i best candidate reference gene transformed Ct values. A pairwise variation of 0.15 is suggested as a cut-off value below which the inclusion of an additional reference gene is not required for reliable normalization [9] .
Normfinder analysis
To calculate the stability value with NormFinder program, for each gene the average Ct value of each duplicate reaction was converted to relative quantity data as described for geNorm [21] . The NormFinder reference tool was applied to rank the candidate reference gene expression stability for all samples with no subgroup determination. According to the analysis, the lowest stability value is top ranked.
Results
MSC differentiation properties and RNA quality control
The MSCs were obtained from bone marrow aspirate, lipoaspirate and cord blood. Immunophenotype profile showed that they expressed the typical MSC cell-surface antigens, such as CD90, CD73, CD44 and CD105, and were negative for hematoendothelial markers such as CD34, CD133 and CD45 (data not shown). At passage 5, they were induced in vitro to differentiate towards osteocytes, chondrocytes and adipocytes. Cells under normal culture conditions maintained an undifferentiated phenotype with a marked fibroblastlike morphology, whereas under specific induction conditions both morphological changes and specific stainings demonstrated chondrogenic, osteogenic and adipogenic differentiation. In particular, for each cell type, Alizarin Red staining (osteogenesis) indicated calcium nodule formation and matrix mineralization, Alcian Blue staining (chondrogenesis) demonstrated synthesis of proteoglycans and OilRed O staining (adipogenesis) showed lipid droplets formation (Fig. 1) . Regarding adipogenic potential, ADMSC gave rise to the highest degree of differentiation with respect to BMMSC and especially to CBMSC. These results confirmed that isolated MSCs exhibit mesenchymal features.
For each condition, the cells were cultured and harvested in duplicate at the beginning and at the end of the inductions. The cells were also let to grow under normal condition in a separate culture and harvested at the same time of the end of the three differentiation processes. RNA was extracted from 30 samples and the yield of isolated RNA varied from 1.25 to 34 lg. By spectrophotometric analysis, we assessed that the purity of the samples was suitable for further analysis, with a mean A 260 /A 280 ratio of 2.06. Finally, the quality and integrity of extracted RNA was assayed in six random samples by agarose gel electrophoresis that showed absence of ribosomal RNA degradation with a 28S/18S rRNA amount ratio around 2 ( Fig. 2A) .
Expression levels and homogeneity of candidate HGs
For the selection of the HGs, we analysed for each sample the genes coding for beta-actin (ACTB), beta-2-microtubulin (B2M), eukaryotic translation elongation factor 1 alpha 1 (EF1alpha), glyceraldehyde-3-phosphate dehydrogenase (GAPDH), beta-glucuronidase (GUSB), cyclophilin A (PPIA), 60S basic ribosomal protein L13a (RPL13A), 60S acidic ribosomal protein P0 (RPLP0), TATAA-box-binding protein (TBP), ubiquitin C (UBC), tyrosine 3/tryptophan 5-monooxygenase activation protein (YWHAZ), and 18S rRNA (RNR1). Each couple of specific primers allowed the identification of only one specific DNA amplificate of the expected length (Fig. 2B) . The 12 HG exhibited a broad array of expression level, from the lowest mean Ct of 10.1 for the 18S rRNA gene (RNR1) to the highest mean Ct of 29.1 for TBP (Fig. 3) . Of the 12 genes, 11 showed a standard deviation (SD) 5% with the only exception of 18S rRNA gene, whose SD was 9%. This may be explained by the high 18S rRNA levels that make difficult to obtain a reliable baseline value. Therefore, the accuracy of the final data after analysis might be poor for this gene.
For each gene, to compare the homogeneity of the qRT-PCR values obtained from the 30 analysed samples, we performed Grubbs' test (significance level set as P 0.01 -two sided), also called the ESD method (extreme studentized deviate). This analysis allows determining whether the most extreme values in a given group are significant outliers, thus pointing out the values that are unlikely to have come from the same Gaussian population as the other values in the cluster. Notably, no outliers were detected and thus no samples were excluded from further analysis.
Determination of HGs expression stability
Reference gene stability was evaluated using the geNorm and NormFinder VBA applets. The geNorm program calculates the expression stability (M) of a gene based on the average pairwise variation (V) between all studied genes, whereas NormFinder assigns a stability value to each candidate reference gene using a model-based approach [9, 21] . On one hand, the geNorm algorithm is highly dependent on the assumption that the genes being analysed are not co-regulated, and thus, as a pairwise comparison approach is used, co-regulated genes belonging to the same pathway or system with a similar expression profile would obtain too good score. On the other hand, if the expression profiles suggest that several candidate genes are co-regulated, a model-based evaluation method such as NormFinder should be considered. In absence of literature data about the possible co-regulation of the studied genes, we have chosen to use both applets for the analysis and to compare the outcome.
The qRT-PCR data generated in our experimental standard and differentiation conditions allowed us to analyse HGs stability from different points of view. First, we decided to identify the most stable reference genes across all the tested conditions (adipogenic, chondrogenic and osteogenic differentiations) for every cell line separately. Remarkably, using the geNorm method, all 12 genes under examination reached high expression stability, with low M (expression stability index, see Methods for details), that is, below the default limit of 1.5 (Fig. 4) . The analysis showed that for ADMSC and BMMSC, the genes that varied the least their expression levels were TBP and YW-HAZ, whereas for CBMSC GUSB and RPLP0 resulted the most stable ones. Interestingly, B2M expression varied the most in all MSCs. Moreover, the optimal number of reference genes was determined calculating the pairwise variation (V) between a given number of HG and the inclusion of an additional gene. A cut-off value of 0.15 has been suggested, where the inclusion of an extra gene has little effect on the normalization (see Methods for a more detailed explanation). For BMMSC and CBMSC, the inclusion of three genes as opposed to two (V2/3 are 0.128 and 0.116, respectively) would have a small effect for normalization, whereas for ADMSC, the minimal number of HG to be used should be three as V3/4 is 0.146 and V2/3 is 0.176 (and thus UBC should be added). Performing the same stability analysis with the alternative VBA applet NormFinder, RPL13A was the most stable gene in ADMSC, followed by GUSB and GAPDH (Table 2) . TBP/ YWHAZ, suggested as the two top-ranking genes with geNorm, were ranked number 4 and 6. Both geNorm and NormFinder ranked the commonly used 18S rRNA, ACTB and B2M as the least suitable reference genes in ADMSC. In BMMSC, GUSB and the two best geNorm A B Fig. 2 Total RNA quality and specificity of primers. (A) 100 ng of total RNA from six random samples were loaded per lane. All samples show complete absence of degradation and high degree of integrity. (B) Primers specific for the 12 genes used in the study have been checked for their amplification specificity on cDNA obtained from a CBMSC sample. All couples of oligonucleotides gave rise to a single band of the expected length. Lane L = 100 bp Ladder; from Lane 1 to 12: PPIA, GUSB, TBP, RPLP0, YWHAZ, EF1alpha, RPL13A, UBC, B2M, ACTB, GAPDH and 18S rRNA. genes YWHAZ and TBP were ranked as the most suitable normalization genes, whereas 18S rRNA, EF1alpha and B2M again had the least stable expression profiles together with UBC (Table 2) . TBP ranked best in CBMSC followed by RPLP0 (the best geNorm gene with GUSB) and, again, B2M was the least stable gene as for geNorm analysis (Table 2) . From these data, it emerges that there are small discrepancies between the two algorithms, with TBP, YWHAZ and GUSB being among the best ranking genes analysed with both methods. To verify that the reference genes are not co-regulated (basic assumption for the validity of the geNorm analysis), gene distribution patterns were investigated with principal component analysis (PCA; lgsun.grc.nia.nih.gov/ANOVA/index.html) [22] . Notably, for all the sources, the genes did not group tight together through the PCA plots ( Fig. 5 for representative plots of the first three principal components for CBMSC) and no PC-based gene clusters were found according to their contribution to the principal components (fold-change threshold for clusters = 1.5; correlation threshold for clusters = 0.7). After this analysis, we decided to examine the qRT-PCR data from the point of view of the adipogenic, osteogenic and chondrogenic processes. Therefore, we checked the stability of the selected HGs with respect to the single differentiation, but regardless of the cell source. geNorm identified, as most stable reference genes, TBP/YWHAZ for adipogenesis and chondrogenesis, and RPLP0/EF1alpha for osteogenic induction (Fig. 6) . Moreover, the V value showed that the inclusion of three genes instead of two would have a small effect for adipogenic and chondrogenic process evaluation (V2/3 of 0.099 and 0.136, respectively), whereas it would improve the analysis for osteogenesis (V3/4 of 0.101 versus V2/3 of 0.154), with the inclusion of TBP (Fig. 6) . NormFinder analysis pointed out that: (a) for adipogenesis RPLP0 was the most stable gene, followed by GUSB and TBP, whereas 18S rRNA, B2M and EF1alpha ranked as the least stable genes (Table 3) ; (b) for the osteogenic process, the geNorm best housekeeping TBP and RPLP0 together with PPIA were ranked as the most suitable normalization genes, whereas the commonly used GAP-DH, 18S rRNA and B2M had the least stable expression profiles (Table 3) ; (c) finally, for chondrogenesis, GUSB together with the two best geNorm genes TBP and YWHAZ resulted the most stable ones with B2M again as least stable (Table 3) . Summarizing the data generated by geNorm and NormFinder for the single differentiation processes analysed separately, the most stable reference genes resulted to be TBP/YWHAZ (geNorm) and GUSB/RPLP0 (NormFinder), whereas B2M exhibited the least stable expression profiles. PCA showed absence of co-regulation (data not shown). Finally, we ranked candidate HGs stability taking into account all the 30 samples under evaluation. This approach permits a comparative analysis across HGs and allows defining the most stable reference genes regardless of the source or the differentiation. geNorm method ranked TBP and YWHAZ as the two most stable genes (Fig. 7A) . Concerning the widely used 'gold standard' 18S rRNA, B2M and GAPDH, the first two appeared the less stable genes, whereas the third resulted to fall among the most stable ones (Fig. 7A) . The V factor calculated by geNorm indicated that adding a third gene to the most stable two would not be necessary (V2/3 = 0.139), although including nine HGs showed the smallest variation (V9/10 of 0.077) (Fig. 7B) . Moreover, to show the consistent divergences in stability between the reference genes in our study when all samples are analysed together, we normalized the most commonly used reference genes 18S rRNA and B2M as well as the two most stable genes TBP and YWHAZ to the geometric mean of TBP and YWHAZ themselves. As shown in Figure 7C -F, the levels of both B2M and 18S rRNA randomly increase during the differentiation processes, without a common pattern linked either to the differentiation or to the tissue origin, depicting clearly their inconsistency as reliable HGs. These data were confirmed by the NormFinder analysis that ranked TBP and YWHAZ together with GUSB as the most stable reference genes, with B2M showing the least stable expression profile (Table 4) . Finally, PCA plotting exhibited a high dispersion of the genes under analysis, thus confirming their high degree of independency (data not shown).
Dramatic effect of choosing suboptimal HGs
In many gene expression stability evaluations, the choice of suboptimal reference genes can generate misleading results. This is especially true for the analysis of genes whose expression slightly varies between control and treated samples. To illustrate the effect generated by normalizing to stable or unstable HGs, we analysed (a) the expression levels of the chondrocyte-specific alpha chain of type X collagen coding gene COL10A1 after chondrogenic induction [23] ; (b) the transcript levels of the OPN gene, coding for a highly phosphorylated sialoprotein (Osteopontin) that is a prominent component of the mineralized extracellular matrices of bones, after osteogenic differentiation [24] ; (c) the variation in the expression of the adipogenic-specific gene ADIPSIN after adipogenic stimulation [25] . The transcript levels were normalized to the geometric mean of the two most stable genes suggested by geNorm method or to the top-ranking gene generated by NormFinder for each differentiation process regardless of the source of the cells, as well as to the least stable B2M (chondrogenesis and osteogenesis) or EF1alpha (adipogenesis). As shown in Fig. 8A and B, for both chondrogenesis and osteogenesis the use of the most unstable B2M gene gave rise to a dramatic effect on the correct evaluation of gene expression for all the MSCs under examination. In many cases, the bias introduced by the use of this suboptimal reference gene resulted in the apparent absence or strong reduction of differentiation potential, thus rendering real-time analysis completely unreliable. Regarding adipogenic differentiation, the use of EF1alpha did not lead to a complete loss of information as ADIPSIN resulted to increase its expression level with respect to the control for all sources (Fig. 8C) . Indeed, EF1alpha instability did not allow a reliable comparison of the lineage potential properties among the three mesenchymal cell lines. In fact, when EF1alpha was used as HG, BMMSC showed an apparent higher ADIPSIN levels than adiposederived cells, this being in contrast with the identical results obtained both with the analysis performed with the most reliable HGs (Fig. 8C ) and with the histochemical staining ( Fig. 1) , demonstrating a more pronounced ADMSC adipogenic potential with respect to BMMSC and CBMSC.
Discussion
The development of therapeutic approaches using MSCs is currently constrained by the lack of knowledge about the ex vivo properties and potency of the native MSCs. In fact, although one of the criteria used to define MSCs is the ability to differentiate into the three mesenchymal lineages [26] , that is, bone, cartilage and fat, not all the MSC types are able to efficiently differentiate with the same degree of lineage potential. Moreover, there is increasing evidence that MSC populations are heterogeneous with coexisting subsets having varying potency [27, 28] . In this regard, Karystinou and colleagues [29] recently reported that human synovium-derived clonal MSCs are variably capable to perform osteogenesis and chondrogenesis, whereas only 30% of them are able to differentiate into adipocytes. For these considerations, the validation of reliable and intra-and inter-laboratories comparable experimental approaches is needed to predict potency of human MSC preparations especially for clinical application. Gene expression quantification is considered an emerging method to confirm or confute effective differentiation potency, and, in this context, the choice of not strategically selected or highly validated reference genes may lead to inconsistent results [30] .
In this work, we aimed to identify refined sets of HGs for differentiation studies with MSCs from different sources comparing, at our knowledge for the first time, the most studied and promising human adult mesenchymal stem cell lines for regenerative medicine. To obtain comparable results not influenced by different experimental settings, which is the main limit of the few publications available, we rigorously conducted the experiments in parallel by using the same supplier for both growing and differentiation media and for the plastics, using MSCs differentiating at the same passage and for exactly the same time period. With this experimental approach, we obtained highly homogeneous data, and thus, the genes we propose, which are expressed at relatively constant levels across different experimental conditions or cell lines, can be considered a reliable selection to be tested as internal controls for normalization of gene expression data in similar analysis. Moreover, we would like to stress that traditionally used HGs (B2M and 18S rRNA) in somatic cells and MSCs and often used as internal standards in commercial gene expression arrays were not found to perform well in all investigated sets of differentiating MSCs.
By analysing separately the three MSC sources under differentiation, we identified TBP/YWHAZ (geNorm) and RPL13A (NormFinder) for ADMSC, TBP/YWHAZ (geNorm) and GUSB (NormFinder) for BMMSC, and GUSB/RPLP0 (geNorm) and TBP (NormFinder) for CBMSC as the best performing genes. Our geNorm results regarding ADMSC are in agreement with those proposed by Fink and coworkers [17] that analysed with the same VBA applet the [17] and in a previous work [31] on preadipocytes and mature adipocytes exposed to different hormones, the mostly used and frequently available GAPDH was proposed to be relatively stable. In our study, we also observed this gene in a good position (fourth of 12) in the geNorm stability ranking and in third position for the NormFinder method. Regarding BMMSC, the only published results on HGs stability during differentiation were part of a study by the Lopez group [18] on osteogenic induction performed using completely different data analysis tools with respect to us. The authors proposed RPL13A as the most stable normalizer gene with respect to GAPDH and ACTB. Our data confirmed and extended the validity of their results. In fact, the inclusion of chondrogenic and adipogenic differentiations, together with a wider array of studied HGs, showed for both VBA applets a higher stability for TBP and YWHAZ with respect to RPL13A, which in our conditions lies in the average position of the stability ranking and again precedes GAPDH and ACTB. Finally, to our knowledge, our report is the first attempt to identify stable HGs in CBMSCs during differentiation. These cells showed a partially different gene signature than ADMSC and BMMSC with YWHAZ in the bottom positions of the ranking and TBP/RPLP0 among the top positions for both geNorm and NormFinder. If we consider all the samples under analysis regardless of the source or the differentiation process and in view of identifying stable HGs for human mesenchymal stem cells under differentiation, TBP and YWHAZ, with GUSB, resulted again to be among the best normalizers for both VBA applet methods, rendering in our opinion their use preferable if no studies have previously been performed on newly isolated similar cells. In this view, it is interesting to compare our data with those of the only other reference gene stability report that has been published for differentiating umbilical cord-derived MSCs [20] . Notably, although distinct experimental setups and growth/differentiating conditions were used between us and the Wang group, in both studies YWHAZ and GAPDH ranked in the best positions. Moreover, GAPDH has been already proposed to perform well in most systems related to mouse or human embryonic stem cells [16] , thus rendering its use affordable and convenient, with respect to other popular 'gold standard' reference genes in studies in which no HGs validation can be performed. Taking advantage of the identification of the best reference genes for each differentiation process regardless of the source of MSCs, we also measured the expression levels of osteocyte-, chondrocyte-and adipocyte-lineage genes (OPN, COL10A1 and ADIPSIN) before and after differentiation. The data clearly demonstrate that a suboptimal choice of reference genes can lead, in the worst case, to a complete loss of information about differentiation potency of MSCs or, in a less dramatic case, to an erroneous comparison of lineage potentials. This approach of validating reference genes should be applied to all the preclinical protocols aimed to study potency of MSCs, where it can be expected that in addition to the properties that are intrinsic to the cell preparation, other factors such as inflammation or biomechanics will influence gene expression.
In conclusion, the use of the best-validated HGs is mandatory to compare results produced in different laboratories. The decision on the use of a specific cell type in a defined clinical context should be based on reliable, standardized and reproducible results. For this reason, the results herein presented are, in our opinion, of crucial importance not only for basic researchers who want to improve the (light grey bars) or EF1alpha (white bars). Error bars express the standard deviation of the mean. P-values have been obtained performing unpaired t-test. ****P 0.0001, ***P 0.001 and 'ns' stands for a P ! 0.05. knowledge on the biological properties of novel cell sources but also for those involved in realizing well-characterized cell therapy products with gold standard quality controls and potency assays.
